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The polarity dependence of the radiation hardness of single-crystalline ZnO bulk crystals is studied
by irradiating the Zn-polar and O-polar c-planes with an 8MeV proton beam up to the fluence of
4.2 1016 p/cm2. To analyze the hardness, radiation-induced defects were evaluated using positron
annihilation (PA) analysis, and the recovery by post-annealing was examined using continuous-
wave photoluminescence (PL) and time-resolved photoluminescence (TRPL) measurements. It was
suggested by the PA and PL analyses that the major defects in both polarities were VZnVO divacan-
cies. While the PA data did not show the clear dependence on the polarity, the PL and TRPL results
showed that the Zn-polar c-plane had a little higher radiation tolerance than that of the O-polar
c-plane, which was consistent with the result that the increase in the electrical resistance by proton
beam irradiation was smaller for the former one. Considering these results in total, the polarity
dependence is considered to be not so large, but the Zn-polar c-plane has a little higher tolerance
than that of the O-polar one. Published by AIP Publishing. https://doi.org/10.1063/1.5010704
I. INTRODUCTION
Wide bandgap semiconductor zinc oxide (ZnO) has
been commonly used for electronic applications as varistors,
piezoelectric transducers, transparent conducting films, and
thin-film transistors (TFTs). Among them, ZnO-based TFTs
are now opening newly developing application fields in
printable electronics1,2 and biosensors.3 Furthermore, recent
progress in epitaxial growth techniques enables us to apply
ZnO to optoelectronic4–6 and high-power7,8 devices, promot-
ing this material to be a potential candidate for novel appli-
cations in the next generation and gallium nitride (GaN).
In addition, ZnO has another advantage in radiation hard-
ness which is of importance for device applications such as
the electronics for space satellites and nuclear reactors; it has
much higher radiation tolerance than that of GaN for the dis-
placement damage (DD) effect. Since the tolerance to the DD
effect9 depends on the displacement threshold energy of con-
stituent elements and hence increases with bandgap energy in
general,10,11 these two materials could be expected to have
comparable tolerance due to the same wurtzite structure with
nearly the same lattice constants and bandgap energies. The
experimental results by many researchers, however, revealed
that the tolerance of ZnO is one or two-orders of magnitude
higher than that of GaN.
For instance, Look et al. studied the DD effect on ZnO
single-crystals by irradiating the surface with 1–2MeV
electron beams and found much higher tolerance than that of
Si, GaAs, CdS, and even GaN.12,13 This outstandingly high
tolerance of ZnO was also confirmed by Auret et al. by irra-
diating a 1.8MeV proton beam,14 Tuomisto et al. by irradiat-
ing a 2MeV electron beam,15,16 Zubiaga et al. by irradiating
a 2MeV Oþ ion beam,17 and Koike et al. by irradiating an
8MeV proton beam18 and was explained by the high diffu-
sivity of vacancies and interstitial atoms in ZnO, which pro-
motes the self-repairing of radiation-induced defects.
Although many works have been reported for the radia-
tion hardness of ZnO, little has been studied upon the polar-
ity dependence, while the DD effect might be influenced by
the polarity since the wurtzite structure lacks inversion sym-
metry along the c-axis direction as shown in Fig. 1. To our
knowledge, only Look et al. studied the polarity dependence
as discussed in Refs. 12 and 13 by measuring the degradation
of electrical properties in vapor-transport grown ZnO bulk
crystals with high electron mobility. They found that the O-
polar () c-plane had a higher radiation hardness than that of
the Zn-polar (þ) c-polar one and explained the difference in
terms of a multiple-displacement model.
In this paper, the polarity dependence of the DD effect
on 8MeV proton beam irradiation is studied for c-axis ori-
ented ZnO bulk crystals by characterizing the defect-related
properties using tools such as positron annihilation (PA),
continuous-wave photoluminescence (PL), and time-resolved
photoluminescence (TRPL). Different from Refs. 12 and 13,
much popular ZnO bulk crystals grown by hydrothermal syn-
thesis and a proton beam with large fluence were used to
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study the DD effect on higher crystallographic quality crystals
under more severe irradiation conditions. The characterization
was carried out by analyzing the PA data using a theoretical
calculation of S and W parameters which represent the
weights of the low- and high-momentum parts in annihilation
spectra and by estimating the concentration of nonradiative
recombination centers (NRCs) from the TRPL data.
II. EXPERIMENTAL PROCEDURE
The proton beam irradiation was carried out for the þc
and c planes of commercially available 330-lm-thick ZnO
wafers that were sliced from a hydrothermally synthesized
bulk single-crystal grown by Tokyo Denpa (TEW). The
wafers were purchased in 2012 after annealing at 1400 C to
remove Li impurities and subsequent mirror-polishing. For
these þc and c samples, the full-width at half-maximum
(FWHM) of the 0004 reflection locking curve of X-ray dif-
fraction (XRD) was measured as around 80 arcsec by using
our Rigaku-made SmartLab XRD system. This value was
roughly one-fourth of the FWHM measured by the same sys-
tem for a vapor-transport grown ZnO bulk crystal purchased
from Eagle Pitcher, indicating the higher crystallographic
quality of the hydrothermally synthesized crystals. The con-
ductivity type of these samples was n-type, and the electron
concentration before the irradiation was around 6 1014 cm–3
for the þc sample and around 1 1015 cm–3 for the c one
with nearly the same electron mobility of approximately
130 cm2/Vs at room temperature.
These two samples were set side by side on a thermo-
controlled sample holder kept at around 0 C in an irradiation
vacuum chamber and simultaneously irradiated perpendicu-
lar to the surfaces by an 8MeV proton beam with a rate
of about 9 1011 p/cm2 s from a tandem-type accelerator
equipped at The Wakasawan Energy Research Center.19
Under the above-mentioned condition, the proton beam is
expected to pass through the ZnO crystals since the ion track
trajectory output calculated for semi-infinite long ZnO by
the SRIM code20 reaches around 420 lm as shown in Fig. 2.
It is noteworthy that specific atomic arrangement was not
considered for the calculation.
During the proton beam irradiation, we measured the
change in the electrical resistance of the samples using a
two-terminal method to monitor the progression of radiation
damage. After the irradiation, the samples were taken out of
the irradiation chamber and kept in a protection box for
roughly 6months to wait for the cooling down of radio-
activation.
To the samples after the cooling down period, XRD was
measured first although no significant change was observed;
the crystallographic quality was found to be scarcely affected
by the proton beam irradiation within the purview of the
XRD rocking curves of symmetric and asymmetric reflec-
tions and reflection angles. Then, the radiation-induced
defect states were characterized using a PA technique by
evaluating the Doppler broadening of m0c
2¼ 511 keV anni-
hilation c rays (Ec¼m0c26DEc, where m0 is the mass of a
positron, c is the velocity of light, and DEc is the Doppler
broadening) at room temperature.21 The Doppler broadening
of the radiation spectra was measured with a Ge detector as a
function of incident positron energy. For each incident posi-
tron energy, a spectrum with about 3 106 counts was
obtained, and the resultant spectra were analyzed by defining
the parameters S and W as DEc 0.76 keV and 3.4 keV
DEc 6.8 keV, respectively.22
After the PA measurement, each sample was sequen-
tially annealed for 10min at every 200 C step in an oxygen
atmosphere by measuring repeatedly their PL and TRPL
spectra. The annealing was conducted by sandwiching the
sample with protective ZnO wafers using rapid thermal
annealing equipment at a heating/cooling rate of 1 C/s,
and the annealing period of 10min was chosen by taking
practical experimental conditions into account. The PL
measurement was conducted at 10 and 300K using a 5W/
cm2 He-Cd ion laser for excitation. The TRPL measure-
ment was carried out at 300 K to quantify the nonradiative
recombination lifetime of minority carriers (sNR), using a
frequency-tripled mode-locked Al2O3:Ti laser as an excita-
tion source.23,24 The excitation power density was set at
120 nJ/cm2 per pulse to ensure the weak excitation condi-
tions, and a standard streak-camera was used for the signal
acquisition.
FIG. 1. Schematic cross-section of the atomic arrangement of ZnO. Arrows
in the right figure show the direction of the proton beam irradiation studied
in this experiment.
FIG. 2. Ion track trajectory output calculated by the SRIM code for the
8MeV proton beam injected into ZnO. It is indicated that the proton beam
passes through the 330-lm-thick ZnO crystals used in this experiment.
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III. RESULTS AND DISCUSSION
Figure 3 shows the in-situ monitored change in the elec-
trical resistance of the samples during proton beam irradia-
tion. The irradiation was conducted up to 4.2 1016 p/cm2.
The vertical axis represents the electrical resistance, and the
horizontal axis represents the fluence of the proton beam.
Indeed, the resistance change measured by the two-terminal
method contains the contribution from contact resistance and
hence does not directly correspond to the resistivity change
in the bulk crystals, but we monitored it as a rough estima-
tion of the radiation damage.
Actually, we observed a gradual decrease in the resis-
tance after loading the samples into the vacuum chamber,
which was presumably due to the decrease in contact resis-
tance via the reduction of the depletion layer by the desorp-
tion of OH species from the surface.25 On the other hand,
the rapid increase in the higher fluence region in Fig. 3 could
be related to the formation of radiation-induced defects that
may decrease the concentration and mobility of conduction
electrons.18 In fact, both þc and c samples in this region
gradually changed their color from clear transparent to yel-
lowish transparent with the progress of the irradiation period,
presumably due to the formation of defect-related deep lev-
els in the bandgap energy. As seen in Fig. 3, the rapid
increase in the electrical resistance of the þc sample starts at
the higher fluence compared with that of the c one, sugges-
ting that the þc plane has higher radiation hardness than that
of the c one.
To the samples before and after the proton beam irradia-
tion with the fluence of 4.2 1016 p/cm2, the S parameters in
PA were analyzed as a function of positron acceleration
energy E. The resultant data are shown in Fig. 4, where the
mean implantation depth of positrons is given in the upper
horizontal axis. The rapid increase in S in the low energy
region is due to the annihilation of positrons with positro-
nium atoms at the surface, and the slope of this region
reflects the positron diffusion length Ld. At E> 15 keV, on
the other hand, S begins to have a constant value Sb by repre-
senting the characteristics of bulk states. The values of these
Ld and Sb for both samples were roughly 50 nm and 0.424
before irradiation and 10 nm and 0.440 after irradiation,
respectively. Because positrons are trapped at neither inter-
stitials nor positively charged defects such as oxygen vacan-
cies, VO, the observed changes in Sb and Ld were attributed to
the trapping of positrons by Zn vacancies, VZn, and/or com-
plex vacancies between VZn and VO.
23,24,26 Accordingly, the
increase in Sb and the decrease in Ld indicate the increase in
the size and/or concentration of those negatively charged
vacancies in the ZnO crystals after proton beam irradiation.
From the viewpoint of the polarity dependence, on
another front, one can see no significant difference in Sb and
Ld between the þc and c samples despite the expectation
from the data on electrical resistance shown in Fig. 3. This
discrepancy might be due to the very high fluence of the pro-
ton beam used in this experiment; we are afraid of the possi-
bility that the polarity dependence in PA has been shielded
by the large amount of the defects formed at this severely
damaged stage.
In order to characterize the defect type more precisely in
the next step, the S-W relationship of the PA data was ana-
lyzed as shown in Fig. 5, where the (S,W) values denoted by
solid and open symbols represent the theoretical and experi-
mental results, respectively. In the theoretical calculation,
annihilation parameters were estimated for the positrons at
the delocalized state free from defects “bulk,” the positrons
trapped at “VZn,” divacancy “VZnVO,” and larger vacancy
complexes “VZn(VO)2” and “(VZnVO)2,” using the valence-
electron wave functions determined by a projector
augmented-wave method.27,28 As shown in Fig. 5, the (S,W)-
value calculated for “bulk” ZnO locates at a little lower left
of the experimental result for ZnO before irradiation. This
difference might be due to the limitation of the theoretical
calculation applied to the Doppler broadening spectra, tem-
perature dependent differences between the modeling and
experimental conditions, the experimental background, and/
or the energy resolution of the detector used for the measure-
ment of annihilation radiation.
FIG. 3. In-situ monitored change in the two-terminal electrical resistance of
the ZnO samples during irradiation. Solid and open plots represent the resis-
tance of the þc and –c ZnO samples, respectively.
FIG. 4. S-E relationship of the PA data measured for the ZnO samples
before and after the 8MeV proton beam irradiation with the fluence of
4.2 1016 p/cm2. Solid and open plots represent the signals form the þc and
c ZnO samples, respectively.
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Considering the slope of the (S,W)-shift, both VZn and
VZnVO can be probable candidates for the vacancies generated
by the severe proton beam irradiation. We estimate the proper
candidate to be VZnVO since the slope of the experimental
data in Fig. 5 is just consistent with that of the theoretical one
from the “bulk” to “VZnVO,” and the PL properties after irra-
diation are consistent with the characteristics of VZnVO as dis-
cussed in the following paragraph. It should be mentioned that
the present theoretical results of S and W parameters are in
good agreement with those reported in a preceding work29
although stringent comparison is difficult because the defini-
tions of these parameters are different in detail.
The PL spectra observed from the samples before and
after proton beam irradiation are shown in Figs. 6(a)–6(d).
Roughly speaking, each spectrum at 10 and 300K from the
sample after irradiation, Figs. 6(c) and 6(d), respectively,
showed nearly the same shapes as that from the sample
before irradiation, Figs. 6(a) and 6(b), respectively, except
for the much smaller intensity of about one-thousandth and
the red-shift of the small and broad emission peak in the visi-
ble region from the green band to the yellow one (at 300K)
or to the red one (at 10K). This dramatic decrease in inten-
sity throughout the spectra should indicate that the major
vacancy formed by the proton beam irradiation is VZnVO
because this type of divacancy in ZnO is known to act as
NRC,23,24,30 while VZn in ZnO forms a radiative recombina-
tion center.23,24,30–32
The most intense near-band edge (NBE) emission peak
at 10K in Figs. 6(a) and 6(c) locates at around 3.36 eV which
is due to the recombination process of the A-excitons bound
to neutral donors.31 On the other hand, the most intense
NBE emission peak at 300K in Figs. 6(b) and 6(d) locates at
around 3.28 eV which is presumably due to the recombina-
tion process of free A-excitons mixed with that of the free
B-excitons coupled with 1 LO-phonon replica.31
In the spectra at 10K shown in Fig. 6(c), the small and
broad emission peak in the red band of the þc and c sam-
ples might be due to the transitions related to defect-induced
deep levels such as those from the conduction band (C.B) to
interstitial oxygens, Oi (2.0–1.8 eV),
32,33 from VO to the
valence band (V.B) (1.8–1.65 eV),32,33 and from interstitial
Zn, Zni, to VO and Oi (2.25–2.0 eV).
33 Other much smaller
sub-peaks appeared in the yellow band of the c sample
might be related to the transitions from Zni to VZn (ca,
2.8 eV)33 and from the C.B to VO (ca, 2.5 eV).
33 At 300K,
these defect-related peaks merged into a single broad emis-
sion band in the visible region as shown in Fig. 6(d).
Then, these damaged samples were sequentially annealed
in an O2 atmosphere for 10min at every 200
C step to study
the recovery steps of defects. In Figs. 7(a) and 7(b), the PL
spectra at 10 and 300K are shown for the samples after
annealing at 600 C, respectively, as the representative data of
annealed samples. Compared with the corresponding spectra
in Figs. 6(a)–6(d), the major part of the respective spectra
is roughly close to each other although there is a little differ-
ence in the visible band emission, i.e., neither the selective
increase in specific peaks nor the development of new peaks
was notably observed throughout the annealing experiment up
to 800 C.
FIG. 5. S-W relationship of the defects in ZnO. Open and solid plots are
experimental data and their theoretical calculation, respectively. The experi-
mental data for the þc and c ZnO samples after irradiation were nearly
overlapped in the presented scale.
FIG. 6. PL spectra measured from theþc and c ZnO samples before and
after irradiation. (a) and (b) The PL spectra measured at 10 and 300K from
the samples before irradiation, respectively. (c) and (d) The PL spectra mea-
sured at 10 and 300K from the samples after irradiation, respectively. The
vertical axis represents the relative PL intensity in logarithmic scale, and the
spectra are normalized by their NBE peak intensity and depicted by shifting
the þc spectrum about an order of magnitude higher in intensity from the
c one. It should be noted that the emission intensity from the samples after
irradiation was roughly one-thousandth of that from the samples before irra-
diation. The transitions assigned from literatures (Refs. 25–27) to respective
emission bands are given in the figures.
FIG. 7. PL spectra measured from the irradiated þc and c ZnO samples
after annealing at 600 C. (a) and (b) The PL spectra measured at 10 and
300K, respectively. The vertical axis represents the relative PL intensity in
logarithmic scale, and the spectra are normalized by their NBE peak inten-
sity and depicted by shifting the þc spectrum about an order of magnitude
higher in intensity from the c one.
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The intensity change in the NBE emission peak at 10
and 300K is summarized in Fig. 8 as a function of annealing
temperature, where the vertical axis represents the relative
value to the respective intensities before irradiation. One can
see that the degree of the degradation in the PL at 300K was
more than two-orders of magnitude larger than that in the PL
at 10K, which leads to much faster recovery of the PL inten-
sity at 10K. Furthermore, the small but clear difference in
the degradation rate between the þc and c samples at low
annealing temperatures might indicate a little higher radia-
tion tolerance of the former one. It is also seen that the
recovery of the PL intensity at 300 and 10K became obvious
after annealing above 400 C, which was associated with
a gradual breaching of the appearance of the þc and c sam-
ples with the increase in annealing temperature above 400 C
by recovering the initial clear transparency at 800 C.
These recovery steps were also analyzed for the
annealed samples by measuring the TRPL response of the
NBE emission peak at 300K. The PL lifetime (sPL), which
represents the inverse of the minority carrier (or exciton)
recombination rate (R), is the inverse sum of the radiative
and nonradiative recombination rates (RR and RNR, respec-
tively, which are the inverse of respective recombination
lifetimes, sR and sNR). As RR decreases with temperature due
to the increase in the kinetic energy term, room temperature
sPL of defective and most of the standard quality bulk semi-
conductor materials is dominated by sNR. Therefore, sPL
increases as the quality is improved.23,24,34
As shown by the representative data in Fig. 9 for the
samples after annealing at 600 C, each TRPL response from
the þc and c samples exhibited a bi-exponential decay
shape with a form of I(t)¼A1exp(t/s1)þA2exp(t/s2),
where I(t) is the intensity at time t and A1 (A2) and s1 (s2) are
the pre-exponential factor and decay time for the fast (slow)
decay component, respectively. Such a bi-exponential decay
response appears to agree with the previous reports on
ZnO,34,35 and we ascribed our degraded s1 and s2 values to
sNR in more and less seriously damaged regions, respec-
tively. Compared with the values reported for high quality
bulk ZnO crystals being s1 200 ps and s2 1 ns,23,24,26,31,34
the lifetimes at this annealing step were largely degraded
as yet; s1¼ 127 ps and s2¼ 310 ps for the c sample and
s1¼ 130 ps and s2¼ 340 ps for the þc sample.
The TRPL data after annealing are summarized in
Fig. 10 as a function of reciprocal annealing temperature Ta.
One can see a clear difference in the defect-recovery
steps between the þc and c samples; both s1 and s2 at
Ta< 400
C were longer for the þc sample than those for the
c one although those of the latter sample recovered faster
and became nearly the same as those of the former one at
Ta 400 C. Thus, larger degradation in s1 and s2 is expected
for the c sample before annealing, which may indicate the
lower radiation hardness of the c plane compared with that
of the þc one.
One can estimate the concentration of NRCs (NNRC)
from the TRPL data using the relationship between s1 and
NNRC given in Fig. 3 of a previous study.
36 NNRC is roughly
estimated for the irradiated samples after the annealing at
200 and 600 C with the s1 values shown in Fig. 10 and
FIG. 8. Intensity change in the NBE emission in the PL spectra from the
ZnO samples after annealing. Solid and open plots represent the signals
form the þc and c samples, respectively.
FIG. 9. Intensity response of the NBE emission at 300K measured by TRPL
from the þc and c ZnO samples after 600 C annealing. Solid and dashed
lines show the decay components of the þc and c ZnO samples with the
corresponding time-constants, respectively.
FIG. 10. Time-constants of the decay curves in TRPL data from the þc and
c ZnO samples as a function of reciprocal annealing temperature. Solid
and open plots represent the signals from the þc and c samples, respec-
tively. Square and circle plots represent the fast (s1) and the slow (s2) decay
components in the TRPL spectra, respectively.
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obtained to be the latter half of the order of 1017 cm3 and
approximately 1 1017 cm3, respectively, by ignoring the
small difference between theþc and c samples. Since the
value for high quality bulk crystals (s1 200 ps) is expected
as the latter half of the order of 1016 cm3, this monotonous
decrease in NNRC should directly indicate the progress of
defect recovery with the increase in annealing temperature.
Furthermore, it is also shown by Fig. 10 that the annealing at
around 900 C will recover the defect states in both samples
close to their initial levels by extrapolating the Arrhenius
plot.
Considering these experimental data shown in Figs.
3–10 in total, one might be able to conclude that the differ-
ence in the tolerance to the DD effect is small but a little
higher for the þc plane than that for the c one from the
viewpoint of PL efficiency although further analysis should
be done by irradiating ZnO samples with much smaller flu-
ence of the orders of 1014–1015 p/cm2. This observed polarity
dependence, however, is contrary to the reported one by
Look et al.,12,13 where c plane ZnO had higher radiation
hardness than that of the þc one for the electrical properties
under the 2MeV electron beam irradiation up to 4 1016 e/
cm2. It is not clearly understood the account at present yet,
this discrepancy might be due to the difference in evaluation
criteria and/or the degree of degradation; the DD effect of
our study is estimated to be roughly 200 times harder than
the case of Look et al. by taking the difference of non-
ionizing energy loss (NIEL) factors expected for the protons
at 8MeV and the electrons at 2MeV into account.9,37
We previously reported on GaN that the Ga-polar (þc)
plane had a little higher radiation hardness than that of the
N-polar (c) one under the same 8MeV proton beam irradi-
ation.38 Therefore, our experimental results for ZnO and
GaN indicate that the radiation hardness becomes high when
the incident proton beam is irradiated to their þc planes. For
ZnO and GaN, the displacement threshold energies for cation
and anion atoms are reported as follows: Ed(Zn)¼ 18.5 eV
and Ed(O)¼ 41.4 eV for ZnO39 and Ed(Ga)¼ 45 eV on aver-
age (18 eV in minimal) and Ed(N)¼ 109 eV on average
(22 eV in minimal) for GaN.40 As shown in Fig. 1, each cat-
ion atoms in theþc-axis direction is bonded to the right
upper anion atoms. Therefore, the cation atoms with smaller
Ed are protected from the direct bombardment of the proton
beam by the anion atoms with larger Ed when the proton
beam is irradiated to the þc planes, and the situation is
reversible for the proton beam irradiation to the c planes.
This difference in the shadow-cone effect might be responsi-
ble for the slightly higher irradiation hardness of the þc
plane ZnO compared to that of the c one.
IV. SUMMARY
We experimentally examined the polarity dependence of
the radiation hardness on ZnO bulk crystals by irradiating an
8MeV proton beam to the þc and c planes. The analysis
by PA showed a negligible difference for these two configu-
rations. The analysis by PL and TRPL, on the other hand,
indicated a little higher radiation hardness of the þc plane
although the difference was not large. Considering these
experimental data in total, we conclude that the difference in
the tolerance to the DD effect on PL properties under the
severe proton beam irradiation is small but a little higher for
the þc plane than that of the c one. The PA, PL, and TRPL
analyses confirmed that the major radiation-induced defects
are VZnVO divacancies, which act as NRC, and the defects
are obviously recovered after annealing over 400 C by
reaching the initial quality before irradiation after annealing
at around 900 C.
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